ABSTRACT: Pushed by the Brazilian biodiesel policy, sunflower (Helianthus annuus L.) production is becoming increasingly regarded as an option to boost farmers' income, particularly under semi-arid conditions. Biodiesel related opportunities increase the demand for decision-making information at different levels, which could be met by simulation models. This study aimed to evaluate the performance of the crop model OILCROP-SUN to simulate sunflower development and growth under Brazilian conditions and to explore sunflower water-and nitrogen-limited, water-limited and potential yield and yield variability over an array of sowing dates in the northern region of the state of Minas Gerais, Brazil. For model calibration, an experiment was conducted in which two sunflower genotypes (H358 and E122) were cultivated in a clayey soil. Growth components (leaf area index, above ground biomass, grain yield) and development stages (crop phenology) were measured. A database composed of 27 sunflower experiments from five Brazilian regions was used for model evaluation. The spatial yield distribution of sunflower was mapped using ordinary kriging in ArcGIS. The model simulated sunflower grain productivity satisfactorily (Root Mean Square Error ≈ 13 %). Simulated yields were relatively high (1,750 to 4,250 kg ha −1 ) and the sowing window was fairly wide (Oct to Feb) for northwestern locations, where sunflower could be cultivated as a second crop (double cropping) at the end of the rainy season. The hybrid H358 had higher yields for all simulated sowing dates, growth conditions and selected locations.
Introduction
Launched in 2004, the biodiesel policy is a recent attempt to combine renewable energy with rural development in Brazil. This policy aims at boosting rural income through the engagement of family farmers as biodiesel crop producers. Government research and extension agencies together with the energy sector, i.e. Petrobras (Brazilian energy company), are keen to implement projects able to foster biodiesel crop production. Sunflower (Helianthus annuus L.) has been considered a promising alternative for family farming systems, particularly in the semi-arid regions of the country. The northern region of the state of Minas Gerais is of particular interest due to its potential for sunflower cultivation, diversity of climatic zones and farming systems (Leite et al., 2013) .
The interest in biodiesel crops has also created an increasing demand for supportive knowledge for agricultural decision-making at different levels, which traditional agronomic research through field experimentation (expensive and time consuming) often fails to meet (Jones et al., 2003) . Crop growth simulation models are a useful tool to explore and simulate cropping systems and to enhance understanding of their performance under different growth conditions. Furthermore, the system approach imbibed in such models can help to better target empirical studies thus setting an agenda for experimental research (Bouman et al., 1996; Ittersum et al., 2003) .
Although empirical research on the eco-physiological aspects of sunflower growth has been documented quite extensively (Goyne and Schneiter, 1988; Hall et al., 1989; Hall et al., 1995; Pereira et al., 1999; Robinson, 1971; Sadras et al., 1988; Sadras and Hall, 1993; Trapani et al., 1992; Villalobos and Ritchie, 1992) , the number of modelling-oriented studies aiming to explore crop management strategies such as irrigation, sowing dates and yield variability is as yet limited (Rinaldi et al., 2003; Todorovic et al., 2009) .
This study evaluated the performance of the crop model OILCROP-SUN for the simulation of sunflower phenology and growth components such as leaf area index, above ground biomass and grain yield under Brazilian conditions and to explore sunflower yield, and its variability, over an array of sowing dates in the northern region of Minas Gerais, Brazil. Such analysis also aims to create awareness of the suitability of crop growth simulation models and to gain knowledge of crop management strategies associated with single and double cropping systems.
Materials and Methods

Model overview
OILCROP-SUN is a process-oriented crop model which simulates, with a daily time step, sunflower development and growth (Villalobos et al., 1996) . It is a CERES-type model which belongs to the Decision Support System for Agro-technology Transfer (DSSAT). DSSAT provides a framework for cropping system analysis whereby different crop models can be built into a platform with compatible input files, data structure and modes of operation (IBSNAT, 1993; Jones et al., 2003) . In this study OILCROP-SUN v3.5 and DSSAT v4.5 were used. Crop development is divided into three phases: (i) sowing to emergence; (ii) emergence to first anthesis; and (iii) first anthesis to physiological maturity. Cumulative thermal time regulates the duration of each phase (Robinson, 1971) , while the photoperiod only interferes with the flower bud initiation (e.g. Goyne and Schneiter, 1988) . For the calculation of the cumulative thermal time, a base temperature of 4 °C is considered (Villalobos and Ritchie, 1992) . In OILCROP-SUN, crop development is regulated by three genotype-specific genetic coefficients (P1, P2 and P5). P1 expresses the length of the juvenile phase in °C day. P2 is a photoperiodic coefficient that identifies the number of days by which development is delayed when the crop is grown in a photoperiod shorter than the optimum (15 h) and is expressed in days per hour of shorter photoperiod (days h −1 ). P5 accounts for the duration of the first anthesis to the physiological maturity stage expressed in °C day. Leaf appearance, expansion and senescence are used to estimate leaf area index (LAI) during the growing period and are modelled as a function of temperature as well (Villalobos et al., 1996) .
A crop model-based approach for sunflower yields
Photosynthesis is modelled based on the concept of radiation use efficiency (RUE), i.e. the rate of conversion of intercepted radiation into new biomass, which varies with crop development (Trapani et al., 1992) . Biomass accumulation over time is reduced by the most constraining factors, namely temperature, water or nitrogen, and biomass is partitioned among the growing organs by means of partitioning coefficients. Finally, sunflower yield is computed by the product of grain number, grain weight and plant population. Plant population is experimentally defined, whereas grain number and weight are controlled by three genotype-specific genetic coefficients (G2, G3 and O1). G2 is the maximum number of grains per capitulum. Grain weight varies with the length of the grain filling phase (P5) and grain growth rate that is controlled by the genetic coefficient G3 (potential kernel growth rate) is expressed in mg day −1 . Grain oil content is represented by the genetic coefficient O1 that defines the maximum kernel oil content (%).
Model calibration
A field experiment was conducted in Viçosa (20.76º S, 42.86° W, 712 m altitude), in the southeast of the state of Minas Gerais, Brazil. The experiment was sown on 25 th Nov 2011 in a clayey Ultisol (US soil taxonomy) under rain nurtured conditions, covering an area of 400 m 2 . Two treatments were applied corresponding to two genotypes, Embrapa 122 (E122, conventional cultivar) and Helio 358 (H358, hybrid), currently being tested and cultivated for biodiesel production in the north of Minas Gerais.
Each treatment was sown over an area of 200 m 2 which was split into four replications of 50 m 2 (5 × 10 m) each. The experiment was set in a randomized block design (four replications = four blocks) containing, in each block, one replication of each genotype. Plant population at sowing was 5 plants m −2 , corresponding to a spacing of 0.7 × 0.285 m. The supply of macro-nutrients was calculated based on soil analysis and expected yields and was split into two applications of mineral fertiliser. The first occurred at the sowing in which 16, 56 and 32 kg ha −1 of N (urea), P (triple superphosphate) and K (potassium chloride) were applied. The second was performed 21 days after emergence when 120, 30 and 120 kg ha −1 of N, P and K were applied.
At physiological maturity, which was registered on 6 th and 12 th Mar 2012 for E122 and H358, respectively, sunflower grain yield was estimated based on destructive sampling of 40 sunflower plants per genotype. Crop phenology was registered every five days, following the scale suggested by Schneiter and Miller (1981) . LAI and above-ground biomass were measured seven times throughout the growing period from a sample of 20 sunflower plants per genotype to evaluate the capability of the model to reproduce the observed values and patterns. LAI was estimated based on the relationship between leaf area and leaf weight (specific leaf area; in cm 2 ) of 10 leaves in each plant randomly selected throughout the stem. For quantifying above-ground dry biomass, the entire aerial part, i.e. stem, petiole, leaves, bracts and capitulum, of the sampled plants in each period were oven dried (65 ± 5 °C) to constant weight.
In addition to experimental data, weather data and soil profile information were used as inputs to calibrate OILCROP-SUN for the genotypes studied. Maximum and minimum air temperature, solar radiation and precipitation are required to run DSSAT (Hoogenboom, 2000) and were obtained from a conventional weather station located about 2 km from the experimental area. Solar radiation values were estimated following the methodology presented by Allen et al. (1998) . Information about soil texture and soil organic carbon throughout the soil profile of the experimental site was obtained from Rodrigues et al. (2013) .
The calibration of OILCROP-SUN consisted of the estimation of the six genotype-specific genetic coefficients for E122 and H358, which was done manually and following a step-by-step approach. The development coefficients P1, P2 and P5 were calibrated by adjusting the simulated first anthesis and physiological maturity dates to the observed ones. Afterwards, the yield coefficients G2, G3 and O1 were adjusted taking into consideration literature reference values (Villalobos et al., 1996; Rinaldi et al., 2003) .
To evaluate the accuracy between model simulations and observed experimental values during the calibration process the percentage of absolute deviation (PAD) was used. PAD is defined as the absolute deviation between simulated and observed values. Similarly, according to Hazell and Norton (1986) , it is assumed that a satisfactory calibration is achieved when PAD values ≤ 15 %. PAD was estimated as follows: (1) where: O i stands for observed values and P i for simulated values. soil texture and rooting depth of sunflower. SWHC was estimated according to the following equation:
in which SWHCµ is the average value of SWHC, given in mm of water per cm of clay, loamy or sandy soils (Doorenbos and Kassmam, 1994) ; and Zr is the depth (cm) of the rooting system. The calculated values of SWHC used in this study were 100, 70 and 30 for clay, loamy and sandy soils, respectively.
Model evaluation
Data from field experiments conducted in the states of Minas Gerais, Goiás, São Paulo, Paraná and Distrito Federal between 2004 -2011 with the genotypes E122 and H358 were used to test the performance of the model to simulate sunflower yield and phenol-
Climatological classification
Climatological classification is an important step in improving the selected modelling approach through the combination of knowledge of weather and soil elements with crop growth and phenological components. Ultimately, it allows for a better understanding of the plant-climate relationship (Thornthwaite, 1948) and its consequences on simulation outcomes.
A climatological description of all locations explored in this study is presented in Table 1 . For each weather station daily mean temperature and rainfall data from 2000 to 2009 were collected (INMET, 2012) . Using this information the climatological classification of Thornthwaite (1948) was applied. This approach is underpinned by the regional water balance in which differences in soil characteristics were taken into account. The soil water holding capacity (SWHC) is an important component of the water balance and is defined based on Table 1 ). Due to lack of more detailed weather data, a zone with 100 km radius around the weather station was considered as a climatically homogeneous area. In each experimental location, information on soil organic carbon (Org. C.) and texture throughout the soil profile were gathered from the literature (Jacomine et al., 1979; IBGE, 1986) .
A computer simulation experiment was created with OILCROP-SUN, for each experiment. The evaluation process consisted of model-runs with the previously calibrated genetic coefficients under different experimental and environmental conditions, i.e. model results were compared with independent datasets. The model evaluation (Jamieson et al., 1991; Loague and Green, 1991) was performed using two statistical indexes, namely Root Mean Square Error (RMSE) and Modelling Efficiency (ME), as described by Rinaldi et al. (2003) :
where: Pi stands for the predicted values, Oi for the observed values and O for the observed mean values. RMSE measures the difference between simulated and observed data. Simulations are considered to be excellent with RMSE < 10 %, good between 10-20 %, fair between 20-30 %, and poor > 30 %. The lower limit for both RMSE and ME is zero. The maximum value for ME is 1. If ME is less than zero the simulated values are worse than simply using the observed mean values. A positive value for ME, on the other hand, indicates that the model performs better than simply applying the observed mean (Loague and Green, 1991) .
Model application
OILCROP-SUN was used to simulate yields of the two sunflower genotypes, E122 and H358, in 14 locations in the northern region of Minas Gerais ( Figure  1 ). Weather data for the period 1979 -2009 INMET, 2012) were used to study the inter-annual variability of sunflower yield under potential, water-limited and water-and nitrogen-limited growth conditions for all locations. Different growth conditions can be implemented in OILCROP-SUN by turning 'off' or 'on' the soil-nitrogen and/or the soil-water subroutines in the model. Simulations were performed on 32 sowing dates, with a weekly time step, between the end of Aug and the end of Mar to explore optimal sowing periods for sunflower across the region studied.
A different soil profile was used for each of the locations studied in northern Minas Gerais (Table 2 ). The selection of soils was based on their geographical and physical (texture) characteristics. Under this approach the selected profile should be both close to a particular location and share similar regional soil properties (Figure 2 ).
An application of 75 kg of N, 15 kg at sowing and 60 kg 30 days after sowing, was used as the standard fertilizer management strategy exclusively for water-and nitrogen-limiting simulations. Such nutrient management is based on the most common farmers' practices and information in the literature. Additional water supply through irrigation was not considered. For water-limited simulations, fertilizer inputs were not considered as the soil-nitrogen sub-routine was switched 'off'. The spatial distribution of sunflower water-and nitrogen-limited yield was assessed based on the average simulations over 31 years (1979 -2009 ) for all selected locations in the northern region of Minas Gerais (Figure 1) . Sunflower yield variability and the Thornthwaite (1948) climatological classification were then mapped using the ordinary 'kriging' method in ArcGIS 10, as described by Lu and Fan (2013) ; Pringle et al. (2004); and Vieira and Gonzalez (2003) .
Results and Discussion
Model calibration: genetic coefficients, crop development and growth components
Genetic coefficient values for both H358 and E122 (Table 3) were within the reference range proposed by Villalobos et al. (1996) . The exception was the G3 coefficient (potential kernel growth rate during the filling phase) for which the value obtained (6.5; Table 3 ) is above the value suggested in the literature (1.2 -2.4). However, similarly high values of G3 were also found by Rinaldi et al. (2003) and might be associated with the relatively short cycle and high crop yields for modern sunflower genotypes.
The calibration procedure resulted in satisfactory (PAD ≤ 15 %) agreement between the observed and simulated yields, date of first anthesis and physiological maturity. However, the model performed poorly in simulating LAI and above ground biomass for both genotypes, with PAD values higher than 15 % (Table 4) LAI and above ground biomass were always underestimated by OILCROP-SUN throughout the growing season (Figure 3) . This might indicate a model limitation, as similar results were also found by Rinaldi et al. (2003) .
In the OILCROP-SUN model, leaf area dynamics were indirectly adjusted in the calibration procedure of the genetic coefficient P1, which defines the length of the vegetative growth period. As there is no genetic coefficient for leaf area, it basically responds (indirectly) to the length of the vegetative phase defined by P1. Model performance could be improved particularly with regard to simulations of above ground biomass through the direct calibration of the leaf area dynamics, i.e. specific leaf area, LAI growth rate and assimilate partitioning. A similar approach was successfully implemented in different crop growth simulation models (Boogaard et al., 1998; Laar et al., 1997) .
Consistent underestimation of LAI values was also found with the CERES-MAIZE model (Lizaso et al., 2003) , which also belongs to the DSSAT framework.
A new leaf area model to simulate expansion, longevity and senescence of maize (Zea mays L.) leaves was implemented resulting in enhanced model simulations. Such approach could be tested for OILCROP-SUN using whole-plant analysis to quantify sunflower leaf dynamics (e.g. Dosio et al., 2003) . Although above ground biomass is partially determined by LAI , further modifications to the model radiation use, efficiency and harvest index parameters maybe needed to improve the quality of simulations for this growth component (Rinaldi et al., 2003) .
The hybrid H358 had a longer growth cycle (108 days) than the conventional cultivar E122, with 98 days (Table 4 ). The longer cycle combined with greater LAI contributes to achieve higher yield and above ground biomass production of H358. Moreover, the higher accumulation of assimilates from emergence to first anthesis makes a substantial contribution to sunflower grain filling at the end of the growing period .
Model evaluation: statistical evaluation of model performance
The model had good performance (RMSE between 10-20 % and ME > 0) in simulating sunflower yields for both genotypes according to the statistical indicators selected (Table 5 ). Crop phenology, on the other hand, was poorly simulated by the model. The negative values for ME are an indication of the unreliability of the simulated values of first anthesis and physiological maturity ( Table 5) .
The poor quality (ME < 0) of the simulated sunflower phenology might have been affected by inherited uncertainty associated with the observed experimental values. Across the experiments used to evaluate the model, crop development was observed by experimentalists, thus creating potential imprecision as there is often no consensus on how to identify, for instance, whether sunflower plants have achieved physiological maturity (Connor and Sadras, 1992) . Grain yield estimation, on the other hand, is less vulnerable to variation in the measurement standards, and can thus reduce the uncertainty associated with experimental observations.
Regional yield variability
Simulated sunflower yield ranges were remarkably sensitive to regional characteristics, which are associated with climate ( Figure 4 ) and soil characteristics (Table 2) . Northwestern locations had higher yields for most of the simulated sowing periods ( Figure 5 ). The differences among regions can reach nearly 1,850 kg ha −1 when sunflower is sown in Oct ( Figure 5C ) which is the optimal date for most of the locations studied. For the northeastern part of Minas Gerais, which is known for the insufficient rainfall during most of the year (Figure  4) , sowing dates are often the only strategy available for farmers to maximize crop production by reducing the risk of crop failures. In this region the negative effect of the weather, associated with limited rainfall (up to 50 % lower than in northwestern locations), is further exacerbated by the relatively large concentration of sandy soils as compared with the northwestern part of the state (Figure 2 ). This feature reduces soil water availability, thus resulting in unfavourable crop growth conditions.
With the rainy season for most of the selected locations starting between the second half of Oct and the first half of Nov, crop yield tends to reach its peak when sowing during this period ( Figure 5C, D) . Sowing sunflower in Aug resulted in low yields across the whole region, with less than 1,150 kg ha −1 ( Figure 5A ). There is an increase in crop yields when sunflower is sown after Sept as a response to increased rainfall, reaching up to 1,125 kg ha −1 in the northern, and up to 1,600 kg ha −1 in the southern part of the region studied ( Figure  5B ). From sowing dates after the end of Nov a clear pattern could be identified with sunflower yields decreasing from the northwestern to the northeastern areas ( Figure  5E -G). Planting dates after Feb resulted in uniform and low sunflower yields across the whole region ( Figure  5H ). In this period, irrigation becomes the only strategy that can increase sunflower yield by over 4,000 kg ha −1 (Figure 6 ). However, opportunities associated with water management have to be assessed against implementation (irrigation) and production costs.
Genotype and crop management
Besides regional yield variability, there was also a consistent difference between sunflower yields when the two genotypes were compared under different growth conditions ( Figure 6 ). The hybrid performed better for most of the tested sowing periods, except for periods with substantial water constraints, mainly at the end of the rainfall season when both cultivars performed similarly. When water and nitrogen are non-limiting (potential growth conditions) the hybrid genotype performed better throughout the entire period of simulation ( Figure  6 ). These findings agree with the literature which indicates better performance of sunflower hybrid genotypes in Minas Gerais and other Brazilian regions. Sunflower yields respond to higher levels of fertiliser (i.e. nitrogen) applications with an increase in crop yield from 1,000 and 1,750 kg ha −1 , under waterand nitrogen-limited conditions, and to 2,250 and 3,000 kg ha −1 , under water-limited conditions, for E122 and H358, respectively ( Figure 6 ). Maximum yields were obtained under potential conditions with sunflower yields achieving 4,250 kg ha −1 for the hybrid genotype when sown between Oct and Nov ( Figure 6 ).
Irrigation could be a key factor in improving sunflower yields in the northeastern region of the state of Minas Gerais. In fact, there are some locations, such as Janaúba and Januária in the east with high radiation levels that can perform better in terms of sunflower yield than those in the northwestern region, such as Unaí and Paracatu (Figure 7 ). This is because in the absence of growth-limiting and reducing factors (biotic: weed, pest, disease; and abiotic: pollution, toxicity), growth-defining factors determine maximum production (Ittersum et al., 2003) . However, water is frequently a scarce and expensive resource (Postel et al., 2001 ). Thus, the economic feasibility of irrigated systems is often limited to high value added crops such as vegetables and fruits. In a current irrigation project in the North of Minas Gerais state, traditional bulk crops such as maize, beans (Phaseolus vulgaris L.), cassava (Manihot esculenta Crantz) and rice (Oryza sativa), account for only 20 % of the irrigated area, while vegetables and fruits, mainly banana (Musa spp.), cover nearly 70 % of the total irrigated area.
Local and inter-annual yield variability
Although sunflower has been regarded as a promising crop in the light of the biodiesel policy; it is still uncertain whether it will become a sustainable option for farmers, especially in more dry regions.
Simulated sunflower yields for Pedra Azul, one of the driest locations in the database (Figure 4) , with just short of 900 mm average annual rainfall, shows that the opportunity to maximize yields is constrained to a short sowing period, which extends from Oct 6 th to 20 th , especially for the H358 genotype (Figure 8 ). The simulated yields for this sowing period are 1,500 kg ha −1 for H358 and 1,000 kg ha −1 for E122. Although there is still a large variability of yields over the years due to rainfall distribution (from 600 to 3,400 kg ha −1 ; Figure 8 ), sunflower yield tend to decrease in all other sowing periods. Potential conflicts could emerge as this optimum period also coincides with the sowing of current crops (e.g. maize and beans). Family farmers, who are targeted by the biodiesel policy in the northern region of Minas Gerais, are often resource constrained (i.e. land, labour and cash) (Leite et al., 2013) . Thus, their engagement in the production of sunflower for the biodiesel industry could lead to potential competition with current crops with further impacts on food and feed production (Florin et al., 2012) . Furthermore, the availability of quantitative studies which systematically compare the economic and environmental sustainability of biodiesel crops against current ones is still limited. Unaí has a humid climate (Figure 4 ) with a more favourable rainfall level and distribution (≈1,400 mm average annual rainfall) than Pedra Azul. This location is one of the most important agricultural regions in the state, where soybean (Glycine max L.) stands out as the one of major value. Despite some yield variation, the opportunity to maximize sunflower grain yield in Unaí is clearly greater than in Pedra Azul, if a hybrid geno- type is cultivated. Optimal yields could be attained in a sowing period between the beginning of Oct to the end of Nov, that would reach 2,500 kg ha −1 for the H358 genotype (Figure 8) . Although the economic competitiveness of sunflower with soybean is still questionable, there seems to be room for the inclusion of sunflower in a rotation with current crops or in double cropping systems. In the case of the latter, sunflower could be cultivated as a second crop following early planted soybean or maize. The success of such an arrangement, however, relies on the combination of short cycle cultivars which allow sunflower to be sown until mid-February, when yields of about 1,300 kg ha −1 can be achieved with the hybrid genotype under water-and nitrogen-limited conditions. Short cycle sunflower genotypes such as E122 are often claimed to be the best option for double cropping systems, being less likely to be affected by the shrinking water availability towards the end of the rainy season. However, the simulations for H358, had higher yields, between 50 and 100 kg ha −1 , in both locations in the late sowings, when rainfall decreases significantly (Figure 8 ). This result does not rule out the impact of the crop cycle, which can indeed be an effective strategy for crop production in short rain periods (Bazza, 2001 ), but highlights that, for the simulated growth conditions and genotypes, such an advantage was not observed.
Conclusions
The OILCROP-SUN crop model was effective in simulating sunflower yields for the northern region of Minas Gerais. However, simulations of the leaf area index, above ground biomass and crop phenology should be interpreted with caution. Simulated sunflower yields presented a spatial pattern across the northern region of Minas Gerais, with higher yields attained in the northwestern area where the sowing window to reach optimal crop yield is larger than in the northeast. The hybrid genotype (H358) had higher yields for all simulated sowing dates, locations and growth conditions than the conventional cultivar (E122).
